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Air samplingElectrical and electronic waste (e-waste) contains multiple toxic metals. However, there is currently a lack of
exposure data formetals onworkers in formal recycling plants. The objective of this studywas to evaluateworkers'
exposure to metals, using biomarkers of exposure in combination with monitoring of personal air exposure. We
assessed exposure to 20 potentially toxic metals among 55 recycling workers and 10 ofﬁce workers at three formal
e-waste recycling plants in Sweden. Workers at two of the plants were followed-up after 6 months. We collected
the inhalable fraction and OFC (37-mm) fraction of particles, using personal samplers, as well as spot samples of
blood andurine.Wemeasuredmetal concentrations inwhole blood, plasma, urine, and air ﬁlters using inductive-
ly coupled plasma-mass spectrometry following acid digestion. The air sampling indicated greater airborne
exposure, 10 to 30 times higher, to most metals among the recycling workers handling e-waste than among
the ofﬁce workers. The exposure biomarkers showed signiﬁcantly higher concentrations of chromium, co-
balt, indium, lead, and mercury in blood, urine, and/or plasma of the recycling workers, compared with the
ofﬁce workers. Concentrations of antimony, indium, lead, mercury, and vanadium showed close to linear associ-
ations between the inhalable particle fraction and blood, plasma, or urine. In conclusion, our study of formal e-
waste recycling shows that workers performing recycling tasks are exposed to multiple toxic metals.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).Relevant abbreviations and deﬁnitions
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. This is an open access article underOpen face cassette (OFC) 37-mm cassette sampler for collecting
airborne particles corresponding to OELV values. Has been
called total dust sampler. Comparable with the 37-mm closed
face cassette (CFC) in the NIOSH Manual of Analytical
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Inhalable fraction “Mass of total airborne particles that is inhaled
through the nose and mouth.” (International Organization
for Standardization, 2012)
Occupational exposure limit value (OELV) “Limit of the time-
weighted average of the concentration of a chemical agent
in the air within the breathing zone of a worker in relation
to a speciﬁed reference period.” (International Organization
for Standardization, 2012)
Personal sampling “Process of sampling carried out using a personal
sampler” (International Organization for Standardization,
2012)
Personal sampler “sampler, attached to a person, that collects airborne
particles in the breathing zone to determine exposure to chem-
ical agents.” (International Organization for Standardization,
2012)the CC BY license (http://creativecommons.org/licenses/by/3.0/).
244 A. Julander et al. / Environment International 73 (2014) 243–251Static sampler (area sampler) “sampler, not attached to a person, that
collects particles at a particular location.” (International
Organization for Standardization, 2012)
Total airborne particles “all particles surrounded by air in a given vol-
ume of air” (International Organization for Standardization,
2012); often impossible to measure because all instruments
are size-selective to some extent.1. Introduction
Each year, approximately 20–50 million tons of waste of electrical
and electronic equipment (e-waste) are produced globally and this
amount is estimated to increase 3–5% annually. Most likely, only about
10% of the global e-wastewill be recycled in plants that are appropriate-
ly designed to reduce exposure of harmful substances, both on a techni-
cal scale and from a worker health point of view (Watson et al., 2010).
E-waste contains several toxic and allergenic metals as well as other
toxic and harmful chemicals for example brominated ﬂame retardants
(BFRs) and polychlorinated biphenyls. The hazardous components in
e-waste include cathode ray tubes (CRTs), liquid crystal display (LCD)
screens, light-emitting diode (LED) lights, batteries, circuit boards,
mercury-containing equipment, and plastic with BFRs. Some of the
toxicmetals used in electronics are antimony, arsenic, beryllium, cadmi-
um, chromium, cobalt, indium, lead, mercury, nickel, and thallium.
Several rare elements are also used (Frazzoli et al., 2010).
Most of these compounds are released during recycling. Theworkers
are generally exposed through three different routes: inhalation, skin
contact or ingestion (Grant et al., 2013). The exposure is however likely
to vary, depending on where in the world the work is performed. In
Europe and North America, workers generally perform recycling within
plants designed for this speciﬁc purpose, with proper ventilation and
protection of the workers. This is often described as formal recycling
(Fujimori et al., 2012). In Africa, Asia, and South America, workers
often perform informal recycling or backyard recycling, using tech-
niques involving cutting, acid bathing, heating/smelting and open burn-
ing where workers may not be protected at all (Sthiannopkao and
Wong, 2013). The general idea is that formal recycling as opposed to
informal recycling should be better for both the workers and the
environment.
Studies in formal recycling plants have found high concentrations of
different polybrominated diphenyl ether (PBDE) congeners in air sam-
ples (Charles et al., 2005; Julander et al., 2005b; Pettersson-Julander
et al., 2004; Rosenberg et al., 2011; Sjödin et al., 2001). Blood and
serum samples from workers within such recycling plants also showed
that the workers were more exposed to BFRs than workers in other oc-
cupational groups (Jakobsson et al., 2002; Julander et al., 2005a; Sjödin
et al., 1999; Thomsen et al., 2001; Thuresson et al., 2006). Similar resultsTable 1
Descriptive factors of participants and the three participating e-waste recycling plants in the S
Factor Company 1A
No. employees/no. participants 30/27
Gender (M/W) 23/4
Age (mean/range) 35/20–52
Current smoking (y/n) 12/15
Manual dismantling Yes
Conveyor belt Yes
Process ventilationB Partly
Storage of goods Outdoors
Grinder Partly outside
Personal protective equipmentC Optional respiratory protection
Rotation of work tasks No
A Company did not partake in the second sampling occasion due to bankruptcy.
B The doors to the different halls in the plants were usually kept open; hence, the process v
C Company policy demands that the worker wears work clothes, hardtop safety shoes, andhave been reported from informal recycling sites in China (Bi et al.,
2007; Qu et al., 2007); however, the concentrations of BFRs are higher
than in European studies.
Metal concentrations in ambient air and exposure biomarkers in
informal e-waste recycling workers in China, India and Ghana
(Asante et al., 2012; Bi et al., 2010, 2011; Caravanos et al., 2011; Deng
et al., 2006; Ha et al., 2009; Wang et al., 2009, 2011; Zheng et al.,
2011) have been published. To the best of our knowledge, no similar
studies are available from formal recycling in Europe or North
America. Therefore, themain objective of this study was to characterize
metal exposure in e-waste recycling workers in Sweden by measuring
concentrations in both air samples and exposure biomarkers. We
evaluated exposure to 20 toxic metals in four different work tasks at
three e-waste plants. We used two different personal air sampling de-
vices and sampling of blood and urine from 65workers on two different
occasions.2. Materials and methods
2.1. Study design
We selected three companies of different sizes and degrees of
automation for this study (Table 1) among a total of 30 companies
performing e-waste recycling between 2007 and 2009 in Sweden.
They all recycled similar types of goods, such as TV-sets and computers
(ﬂat screen and CRT screens), electronic tools, toys, and small and large
household appliances (not including freezers and fridges). In total, 65
workers (71%) in the selected companies agreed to participate in the
study. Of these, 55 (85%) worked with recycling and 10 (15%) were
based in an ofﬁce. We assessed the exposure on two occasions,
6 months apart. One company did not participate in the second round
of measurements due to bankruptcy; therefore, only 32workers partic-
ipated in the second part of the study.
We identiﬁed four main work tasks performed on the days of
sampling: dismantling (i.e., all work tasks involvingmanual dismantling
of the goods), indoor work (i.e., tasks involving handling of goods except
dismantling, for example, sorting of incoming and outgoing goods, truck
driving, cleaning, supervision of work), outdoor work (e.g., mainly in-
spection tasks and transportation of goodswithin the different locations
using trucks), and ofﬁce work (i.e., computer work with no time in the
production buildings). We used questionnaires to obtain information
on work tasks and the use of protective equipment on the day of sam-
pling, tobacco use, and dietary habits. We asked the study participants
not to eat ﬁsh or shellﬁsh 2 days prior to the sampling day to minimize
the inﬂuence of dietary intake of arsenic (As) and mercury (Hg). The
Regional Ethical Research Board in Stockholm approved the study, and
the participants provided informed consent and were made aware of
the ﬁndings of the study.wedish study between 2007 and 2009.
Company 2 Company 3
20/16 45/24
16/0 19/5
44/28–62 36/21–63
10/6 9/15
Yes Yes
No Yes
No Yes
Indoors Outdoors
No Indoors
No respiratory protection Optional respiratory protection
Partly Yes
entilation may have been disrupted and not performing to optimal standards.
gloves.
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We collected samples from eight workers per day (Tuesdays,
Wednesdays, and Thursdays), shifts ranging from 06.30 to 16.30.
Sampling included personal air monitoring using two different air
samplers, blood samples (for whole blood and plasma analysis), as
well as spot urine samples. We washed all plastic materials used
for sampling and analytical procedures in 10% HNO3 (v/v) and rinsed
these materials four times with deionized water prior to use. When
we used nitric acid in the study, we diluted it from 67%, Fisher Scien-
tiﬁc, OPTIMA, UK.
We sampled the inhalable fraction using a 25-mm ﬁlter cassette
[Institute of Occupational Medicine (IOM) sampler (SKC Ltd, Dorset,
UK)], according to EN 481 (European Committee for Standardization,
1993). We also collected particulate matter for comparison with the
Swedish OELV (occupational exposure limit value) using the 37 mm
open-faceMillipore cassette (OFC, Millipore, Bedford,MA, USA) accord-
ing to the NIOSHManual of Analytical Methods (NMAM, method 0500)
(NIOSH, 1994).We collected the particulatematter onmembraneﬁlters
made of mixed cellulose esters, pore size 0.8 μm (Millipore, Bedford,
MA, USA). For both samplers, we used a ﬂow rate of 2 l per minute.
The pumps were pre-calibrated with the ﬁlter attached before the
measurements. During measurements, we also controlled the ﬂow
over the ﬁler, and if necessary adjusted the pump to keep a constant
ﬂow of 2 l per minute over the ﬁlter during the entire sampling period.
The ﬂow was also checked at the end of sampling.
Before and after sampling, we weighed the membrane ﬁlters on a
balance [MT5 (Mettler-Toledo AG, Greifensee, Switzerland)] with 1 μg
readability (0.000001 g) in a specially designed roomwith a relative hu-
midity and temperature of 50% and 21 °C, respectively. To ensure a
static-free environment when handling and weighing the ﬁlters, we
used Staticmaster Ionizers (NRD LLC, Grand Island, NY, USA). The limit
of detection was 0.07 mg for the inhalable fraction, and 0.04 mg for
OFC, calculated in accordance with ISO 15767:2009 (International
Organization for Standardization, 2009).
Each of the recyclingworkers carried an IOM inhalable fraction sam-
pler (occasion 1: n= 53; repeated on occasion 2: n= 24) that in most
caseswas combinedwith an OFC sampler (occasion 1: n=45; occasion
2: n=20).We attached the samplers on the chest within the breathing
zone and connected each to a portable pump (low-volume, 600 g, car-
ried on the back of the worker), either an AirCheck 2000 or AirCheck
XR 5000 (SKC Inc, PA, USA), and an APEX Casella (Casella CEL, Bedford,
UK). The ofﬁce-based workers did not carry personal air sampling de-
vices because they spent most of the working day in meetings and the
noise of the pumps was expected to interfere with their work. Instead,
we used static sampling of the ofﬁce areas using tripod racks as surro-
gate torsos, onto which we attached the sampling devices. We placed
the racks centrally in ofﬁce spaces. Since the ofﬁce-based workers
spent most of the time in this area, the collected samples can act as in-
dicators of personal exposure.
A registered nurse collected the blood samples at the work places.
Before sampling, the skin was cleaned using 1% HNO3 and rinsed with
deionized water, not to contaminate the blood sample. This method
was developed for monitoring of lead and cadmium in blood from
small children (13 to 20 month old) and it is not harmful to the skin
(Berglund et al., 1994).We have used 1%HNO3 in several studies for as-
sessment of skin exposure to metals, after ethical vetting and without
negative effects (Julander et al., 2010; Liden et al., 2006; Lidén et al.,
2008). Blood was collected from the cubital fossa veins in two 9 ml
and two 4 ml Vacuette (LH Lithium Heparin, Greiner Bio-One GmbH,
Labinstrument AB, Stockholm, Sweden) tubes. The 9-ml tubes were
centrifuged (Jouan BB3V, Socitété Jouan, Saint Herblain, France) at
3000 rpm for 15 min to obtain plasma, which was transferred into
low-density polyethylene tubes (Sarstedt, Nümbrecht, Germany). We
stored all samples in a portable fridge (Evercool, model EC0445, Laurina
Company LTD, Hong Kong) at +4–6 °C until arrival at the laboratory(within 60 hours), when they were immediately frozen at −24 °C
(Ninolux, AB Ninolab, Upplands Väsby, Sweden).
The workers collected the ﬁrst morning urine (ﬁrst urine after
midnight) on the day after sampling of air and blood. We gave the par-
ticipants 250 ml low-density polyethylene ﬂasks (VWR International,
Sweden); we also provided the women with a polypropylene funnel
(VWR International, Sweden). Upon arrival at work, the urine was
transferred to 25 ml low-density polypropylene test tubes and placed
in the portable refrigerator.
2.3. Metal analysis
We analyzed antimony (Sb), arsenic (As), beryllium (Be), cadmium
(Cd), chromium (Cr), cobalt (Co), copper (Cu), gallium (Ga), indium
(In), iron (Fe), lead (Pb),manganese (Mn), mercury (Hg), molybdenum
(Mo), nickel (Ni), platinum (Pt), thallium (Tl), tungsten (W), vanadium
(V) and zink (Zn) using inductively coupled plasma-mass spectrometry
(ICP-MS) with a collision/reaction cell system (Agilent 7500ce, Agilent
Technologies, Tokyo, Japan). Prior to the measurements, we digested
the air ﬁlters, blood, and plasma samples in acid using a Milestone
ultraCLAVE II microwave digestion system (EMLS, Leutkirch, Germany)
as previously described for blood samples (Kippler et al., 2009). In
short, we mixed 1 ﬁlter, or 1 g of blood or plasma, with 2 ml nitric acid
and 3 ml deionized water in quartz tubes. The ultraCLAVE was pressur-
ized with nitrogen gas (40 × 106 Pa) and heated at 250 °C for 30 min,
to obtain a carbon-free solution. Digested samples were transferred
to low-density polyethylene tubes and diluted with deionized water to
a ﬁnal acid concentration of 20% (v/v). To measure Hg, Pt and W we
mixed a subsample of the digest with concentrated hydrochloric acid
(Merck, Suprapur, Darmstadt, Germany) to a ﬁnal concentration of 2%.
Table S1 (supplementary information) shows the programs used for the
ICP-MS analysis.
We prepared fresh standard solutions for the external calibrations
(CPI International, Amsterdam, The Netherlands; Ultra Scientiﬁc
Analytical Solutions, North Kingstown, RI, US) and internal standards
(High-Purity Standards; Charleston, SC, USA) in 20% (v/v) nitric acid
before every run. The limit of detection (LOD) was set to 3 times the
standard deviation (SD) of the blank values. Less than 1% of the air sam-
ples had concentrations below the LOD for Pt, 13%of the biomarkers had
concentrations below the LOD for Be, 10% below the LOD for Ni, 0.6%
below the LOD for Cr and Ga, and 0.3% below the LOD for Co and Pb.
Reference materials used for quality control are presented in the
supplementary material.
2.4. Statistical analysis
We performed statistical analysis using IBM SPSS version 19.0. Most
of the metal concentrations in the air samples were highly skewed, and
therefore, we log (ln) transformed them and used parametric statistics
to evaluate the results. We analyzed all measurements from occasions
1 and 2 together. For correlation analysis between concentrations in
air samples and exposure biomarkers, we used the inhalable fraction
because it best describes the fraction of particles that the workers actu-
ally inhale during breathing.We used non-parametric statistics on non-
transformed data for the biomarkers.
We used a simple one-way ANOVA and Bonferroni's post-hoc test
for multiple analyses to evaluate differences in metal concentrations
in air samples between the three recycling work tasks without stratiﬁ-
cation by company. We also tested for interactions between companies
and work tasks using a univariate ANOVA with an interaction term
“company × work task”. If an interaction was indicated (p b 0.1), we
studied the difference in air concentrations between work task groups
on a company level. This method assumes equal variances; therefore,
we used Levene's test of equality of error variances. If this test was sig-
niﬁcant at the p-level of 0.05, we used the non-parametric Kruskal–
Wallis to evaluate work task differences within each company.
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occasions. We compared concentrations in blood, plasma, and urine be-
tween recycling workers and ofﬁce workers using the Mann–Whitney
test. For Cd, we used a univariate ANOVA to evaluate the urine concen-
tration between the work tasks, with adjustments for gender, age, and
current smoking (yes/no).We also used the Kruskal–Wallis test to eval-
uate differences in exposure biomarkers between the three recycling
work tasks: dismantling, indoor, and outdoors.Weevaluated correlations
between exposure biomarker concentrations in biological samples and
the inhalable fraction for recycling workers using the Spearman Rho
correlation.3. Results
As shown in Table 1, nine of the study participants (14%) were
women of whom two were ofﬁce based. The participants were 20 to
65 years old (mean = 38 years), and 46% were smokers. Two of the
three companies used process ventilation; however, in company 1,Table 2
Metal concentrations (μg/m3) in the collected inhalable fraction and OFC fraction from persona
three e-waste recycling plants in Sweden. The table is sorted by descending concentrations of
Inhalable fraction (μg/m3)
Recycling workers Ofﬁce workers
Metal N GM (GSD)
Range
N GM (GSD)
Range
Fe 77 98 (2.4)
3.8–720
3 6.2 (1.9)
3.8–13
Zn 77 14 (2.5)
0.28–220
3 0.75 (1.1)
0.68–0.87
Pb 77 7.0 (3.2)
0.011–130
3 0.49 (1.5)
0.31–0.65
Mn 77 2.2 (2.6)
0.072–41
3 0.13 (1.3)
0.10–0.17
Cu 77 2.2 (2.7)
0.085–59
3 0.11 (1.1)
0.095–0.12
Ni 77 0.49 (3.1)
0.0089–15
3 0.015 (1.4)
0.011–0.019
Cr 77 0.45 (2.8)
0.0050–6.9
3 0.028 (1.8)
0.016–0.052
Sb 77 0.21 (2.3)
0.0041–1.1
3 0.0085 (2.0)
0.0041–0.015
Cd 77 0.18 (5.0)
0.0011–11
3 0.0064 (1.8)
0.0032–0.0098
V 77 0.085 (2.1)
0.0050–0.33
3 0.008 (1.3)
0.0067–0.011
Co 77 0.066 (2.7)
0.0017–3.3
3 0.0035 (1.6)
0.0021–0.0046
Mo 77 0.050 (3.0)
0.0016–0.57
3 0.002 (1.4)
0.0016–0.0030
AsB 77 0.042 (2.6)
0.001–0.730
3 0.002 (1.8)
0.001–0.003
W 77 0.035 (3.9)
0.00058–1.8
3 0.004 (2.7)
0.0011–0.0069
Ga 77 0.029 (2.2)
0.00096–0.39
3 0.0020 (1.1)
0.0017–0.0021
In 77 0.018 (3.8)
0.00052–0.31
3 0.0010 (2.4)
0.00064–0.0029
HgC 77 0.011 (2.8)
0.00031–0.21
3 0.0005 (2.4)
0.00031–0.0015
BeD 75 0.0018 (2.8)
bLOD–0.017
3 0.000047 (5.9)
bLOD–0.00014
Tl 74 0.00096 (2.6)
0.000086–0.017
3 nd
PtE 48 0.00014 (3.5)
bLOD–0.0028
1 0.000015
nd, not determined.
A Missing data are due to blank correction of concentrations.
B LOD is 0.00012 μg/m3 for As.
C Hg was not sampled according to the NIOSH Manual of Analytical Methods. No gaseous ph
D LOD is 0.000021 μg/m3 for Be.
E LOD is 0.0000057 μg/m3 for Pt.process ventilation did not cover all areas. Company 2 did not use pro-
cess ventilation, due to performing the work in a temporary building.3.1. Air samples
In total, we collected 143 (77 inhalable fraction and 65 OFC) person-
al breathing zone air samples from the recycling workers and 6 static
samples from the ofﬁce areas. Sampling time was, on average,
303 min (range 171–398 min) for the inhalable air samples and
298min (171–398min) for the OFC samples. The arithmetic mean par-
ticulate concentration was 2.8 ± 1.9mg/m3 (range 0.37–12mg/m3) for
the inhalable samples and 1.5 ± 0.9 mg/m3 (0.21–4.8 mg/m3) for the
OFC samples. The metal content of the particulate was 6% in the
inhalable samples and 8% in the OFC samples.
As evident from Table 2, the most abundant metal in the inhalable
samples from the recycling workers was Fe with a geometric mean
(GM) concentration of 98 μg/m3 (min–max: 3.8–720 μg/m3), followed
by Zn with a GM of 14 μg/m3 (min–max: 0.28–220 μg/m3), and Pbl air sampling of recycling workers and from static sampling representing ofﬁce workers at
metals in air samplesA.
OFC fraction (μg/m3)
Recycling workers Ofﬁce workers
N GM (GSD)
Range
N GM (GSD)
Range
65 66 (2.3)
3.4–240
3 5.4 (2.0)
3.4–12
65 8.9 (2.3)
0.35–56
3 0.70 (1.1)
0.63–0.77
65 4.7 (2.8)
0.032–58
3 0.40 (1.5)
0.26–0.54
65 1.4 (2.2)
0.062–8.6
3 0.11 (1.4)
0.081–0.15
65 1.4 (2.4)
0.070–10
3 0.093 (1.3)
0.069–0.12
65 0.25 (3.0)
0.0031–2.3
3 0.023 (1.1)
0.021–0.025
65 0.28 (2.4)
0.021–3.1
3 0.036 (1.5)
0.022–0.047
65 0.15 (2.5)
0.0042–0.88
3 0.023 (2.9)
0.011–0.049
65 0.11 (4.2)
0.00073–3.7
3 0.0053 (1.9)
0.0025–0.0089
65 0.060 (2.0)
0.0050–0.18
3 0.007 (1.3)
0.0060–0.099
65 0.041 (2.3)
0.00066–0.75
3 0.0034 (1.6)
0.0025–0.0056
65 0.032 (3.0)
0.00099–0.530
3 0.003 (1.2)
0.0022–0.0033
65 0.027 (2.4)
bLOD–0.460
3 0.002 (2.9)
0.0005–0.004
64 0.027 (3.2)
0.0010–1.1
3 0.001 (1.3)
0.0010–0.0015
65 0.020 (2.0)
0.00048–0.091
3 0.002 (1.1)
0.0018–0.0020
65 0.012 (3.8)
0.00010–0.27
3 0.0004 (3.7)
0.00010–0.0011
64 0.0078 (2.6)
0.00021–0.027
3 0.00039 (2.8)
0.00021–0.0013
59 0.0014 (2.0)
0.00016–0.0040
3 0.00017 (1.0)
0.00016–0.00017
61 0.00058 (2.7)
0.000017–0.0022
0 nd
41 0.000081 (4.0)
bLOD–0.00096
1 0.000016
ase was collected; hence, the concentration of Hg is likely underestimated.
Table 3
Metal concentrations (μg/m3) from the inhalable fraction showing differences in exposure between the three recyclingwork task categories. The table is sorted by descending concentra-
tions in air samples.
Inhalable fraction (μg/m3)
Dismantling workers Indoor workers Outdoor workers
(N = 34) (N = 30) (N = 13)
Metal N GM (GSD) N GM (GSD) N GM (GSD)
Range Range Range
Cd 34 0.30A (5.3)
0.027–11
30 0.15 (5.1)
0.0046–3.3
13 0.027 (2.4)
0.0065–0.10
Cr 34 0.58 (2.1)
0.098–3.4
30 0.43 (3.9)
0.005–6.9
13 0.27 (2.1)
0.033–0.59
Cu 34 2.9A (2.1)
0.54–11
30 2.0 (3.4)
0.22–59
13 1.3 (2.2)
0.42–4.6
Hg 34 0.012 (2.7)
0.00079–0.034
30 0.012 (3.1)
0.0009–0.21
13 0.00011 (1.7)
0.000048–0.00026
In 34 0.26A,B (2.0)
0.069–0.98
30 0.018 (3.7)
0.0011–0.31
13 0.070 (2.3)
0.025–0.36
Mo 34 0.064A (3.0)
0.0058–0.57
30 0.050 (3.1)
0.0058–0.51
13 0.0023 (6.5)
0.000037–0.029
Pb 34 8.0 (2.6)
1.6–120
30 6.8 (4.0)
0.24–130
13 5.2 (2.9)
0.89–31
A Dismantling workers are signiﬁcantly higher exposed than outdoor workers (p b 0.05).
B Dismantling workers are signiﬁcantly higher exposed than indoor workers (p b 0.01).
Table 4
Metal concentrations (μg/l) in blood (B), plasma (P), and urineA (U) from recycling
workers (n = 53) and ofﬁce workers (n = 10) at sampling occasion 1B. The table shows
a selection of seven generally considered toxic metals. The results for the remaining 13
metals are shown in the supplementary table S2.
Exposure
biomarker
Recycling workers (μg/l) Ofﬁce workers (μg/l)
N Median (range) N Median (range)
B–Co 50 0.081 (0.050–0.67) 10 0.064 (0.043–0.22)
B–Cr 50 1.4⁎ (0.34–5.0) 10 1.1 (0.39–2.0)
B–Hg 51 1.4 (0.28–18) 10 1.2 (0.29–5.9)
B–In 51 0.0057 (0.0017–0.10) 10 0.0030 (0.0016–0.0099)
B–Pb 51 32⁎⁎ (9.5–230) 10 15 (4.8–24)
P–Cr 49 0.81⁎ (0.19–4.6) 10 0.30 (0.11–0.64)
P–In 48 0.0043⁎⁎ (0.0013–0.026) 10 0.0023 (0.0015–0.0038)
U–As 53 13 (2.4–410) 10 19 (2.5–200)
U–CdC 53 0.37 (0.12–2.4) 10 0.27 (0.18–0.61)
U–Co 52 0.25 (0.12–1.3) 10 0.24 (0.14–0.59)
U–CrD 53 0.74 (0.0097–5.29 10 0.71 (bLOD–2.9)
U–Hg 52 1.4⁎ (0.35–4.4) 10 0.66 (0.0097–1.6)
U–In 52 0.0068 (0.0010–0.055) 10 0.0047 (0.0027–0.0061)
U–Pb 53 1.8⁎⁎ (0.19–17) 10 0.66 (0.0097–1.6)
⁎/⁎⁎Statistically signiﬁcant difference between recycling and ofﬁce workers at p b 0.05
and at p b 0.01, respectively (Mann–Whitney U-test).
A Urine samples are adjusted for average speciﬁc gravity, 1.020 g/ml.
B Missing data are due to blank correction of concentrations.
C Concentration not divided for smoking/non-smoking workers.
D LOD is 0.011 μg/l for U–Cr.
247A. Julander et al. / Environment International 73 (2014) 243–251with a GM of 7 μg/m3 (min–max: 0.011–130 μg/m3). OFC concentra-
tions of the metals follow the same distribution, but with slightly
lower concentrations. Normally there is a factor of approximately 1–2
between the two different samplers (Davies et al., 1999; Hagstrom
et al., 2008; Harper, 2004). In this study we found factors in the range
of 0.8–3.4.
3.1.1. Work task differences
Evaluationof concentrations bywork task showed signiﬁcantly higher
concentrations of Cd (p= 0.02), Cu (p= 0.04), In (p= 0.001), and Mo
(p = 0.05), during dismantling than during outdoor work tasks, and
higher concentrations of In (p = 0.03) during dismantling than during
indoors work tasks (Table 3). Both Cr and Pb showed a tendency to be
at higher concentrations in the dismantling work task category com-
pared with the categories indoors and outdoors, but with no statistical
signiﬁcance. For Hg, dismantling and indoorswere higher than outdoors.
All metals analyzed were signiﬁcantly higher for all three recycling
categories (dismantling, indoors, and outdoors) than the for ofﬁce
workers, except for In and Sb in the outdoor category. For 13 of the
metals (As, Cd, Co, Cu, Hg, In, Mo, Ni, Pb, Pt, Sb, Tl and Zn), we found
an interaction between work task and company. Within company 1,
dismantling workers had signiﬁcantly higher air concentrations
(p ≤ 0.05) of all the 13 metals, except for Tl, than the other two work
tasks. In company 2, the work task dismantling showed signiﬁcantly
higher exposure concentrations of all metals, except Co and Pb, than in-
doors. For company 3, we observed no differences by recycling work
tasks.
3.2. Exposure biomarkers
We collected blood and urine from 55 recycling workers and 10
ofﬁce workers at the ﬁrst sampling occasion and from 25 recycling
workers and 7 ofﬁce workers at follow-up. We failed to collect blood
samples from two recycling workers at the ﬁrst occasion. The median
blood concentrations of Pb (32 μg/l; range: 9.5–230 μg/l) and Cr
(1.4 μg/l, range: 0.34–5.0 μg/l) were signiﬁcantly higher (p b 0.05) in
recycling workers than in the ofﬁce workers, as shown in Table 4
and supplementary Table S2. At the second sampling occasion, only
the Pb median concentration (33 μg/l, range: 7.1–240 μg/l) remained
signiﬁcantly higher among the recycling workers, but also the Co con-
centrations were signiﬁcantly higher in recycling workers (0.073 μg/l;
range 0.012–0.16 μg/l) than in ofﬁce workers (0.017 μg/l, range:0.0014–0.063 μg/l) (Supplementary Table S3). The plasma concentra-
tions of Cr (0.81 μg/l) and In (0.0043 μg/l) were signiﬁcantly higher in
recycling workers than in ofﬁce workers at the ﬁrst, but not at the sec-
ond, sampling occasion. Concerning the urine samples, Pb (1.8 μg/l)
andHg (1.4 μg/l)were signiﬁcantly higher among recyclingworkers dur-
ing the ﬁrst occasion, and Pb (2.4 μg/l, range 0.031–17 μg/l) remained
higher also at the second sampling (Supplementary Table S3). The
concentrations of As in urine showed wide concentrations ranges in
both recycling workers (median 13 μg/l, range: 2.4–410 μg/l) and ofﬁce
workers (median 19 μg/l, range: 2.5–200 μg/l) (Table 4). We observed
no statistically signiﬁcant differences in biomarker concentrations
between the three recycling work tasks (dismantling, indoors, and
outdoors.
We found that non-smoking workers urinary Cd concentration was
signiﬁcantly lower (β= −614, p b 0.001) than the smoking workers
concentration. Age affected the urinary concentration of Cd (β= 0.025,
SAMPLING OCCASION 1
SAMPLING OCCASION 2
A B
C D
E F
G H
Fig. 1. Spearman Rho correlations between the inhalable fraction and exposure biomarkers. A) B–Pb, B) U–V, C) U–In, and D) U–Hg at sampling occasion 1, and E) B–Sb, F) B–Pb, G) P–In,
and H) U–Pb at sampling occasion 2. IOM= inhalable dust fraction.
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249A. Julander et al. / Environment International 73 (2014) 243–251p b 0.001), but not gender (β=−0.002, p= 0.994). Adjusting for age
the non-smoking workers still had lower Cd concentrations in the urine
(β=−0.027, p= 0.014). Among the non-smoking workers, the ofﬁce
workers had lower urinary concentrations of Cd compared to those in
recycling workers (β=−0.010, p= 0.5); however, this difference was
not statistically signiﬁcant.3.3. Correlation between air and biomarkers
We compared metal concentrations in the exposure biomarkers
from the recyclingworkerswith the concentration in the corresponding
inhalable fraction (Fig. 1). At sampling occasion 1, the concentration in
the inhalable fraction correlated signiﬁcantly with the blood concentra-
tion for In (rs= 0.42, p= 0.002) and Pb (rs= 0.56, p b 0.001), the plas-
ma concentration for Hg (rs = 0.40, p = 0.004), and the urine
concentration for Hg (rs = 0.39, p= 0.005), In (rs = 0.57, p b 0.001),
Pb (rs = 0.42, p = 0.001), and V (rs = 0.32, p = 0.02). At sampling
occasion 2, the concentration in the inhalable fraction correlated
with concentrations of Pb and SB in both blood (rs = 0.64, p= 0.001;
rs = 0.49, p = 0.019, respectively) and urine (rs = 0.76, p b 0.001;
rs = 0.49, p = 0.017, respectively), and with the concentration of In
(rs = 0.48, p= 0.019) in plasma.4. Discussion
The results of this study show that recycling workers in three Swed-
ish e-waste plants were exposed to higher air concentrations of all ana-
lyzed metals than were ofﬁce workers in the same plants. Using
exposure biomarkers, we detected elevated internal doses of Cd, Cr,
Hg, In and Pb in the recycling workers compared to the ofﬁce workers.
Correlation analysis of metals in the inhalable fraction and exposure
biomarkers (blood, plasma and urine) showed close to linear correla-
tions also for Sb and V, besides Hg, In, and Pb, supporting occupational
exposure to multiple metals at e-waste recycling work, even in modern
plants with adequate protection routines. To the best of our knowledge,
this is the ﬁrst study of the formal recycling of e-waste, evaluatingmul-
tiple elements in both air and exposure biomarkers.4.1. Indium
Indium is used in electronics, mostly in ﬂat screens as indium-tin
oxide (ITO), but little is known of its toxicity and carcinogenicity to
humans (Fowler, 2009). Indium concentrations in blood, plasma, and
urine of the recycling workers were approximately twice as high as
those of the ofﬁce workers, and the concentrations seemed to increase
with increasing concentrations in the inhalable fraction. Indium was
the only metal in the inhalable fraction that was signiﬁcantly higher
for dismantling than for either the other two work task categories. This
might be attributed to the fact that ITO is used as a thin ﬁlm in different
types of displays, mostly LCDs. Dismantlingwas also the only work cat-
egory in which workers came in direct contact with different types of
displays, both whole and shattered ones, when recycling the units. No
such task-speciﬁc difference was seen for the exposure biomarkers;
however, recycling workers had about twice as high In concentrations
in all biomarkers compared to the ofﬁce workers.
In workers producing, using, and reclaiming ITO in Japan, the United
States, and China, blood concentrations of In were found to be above
5 μg/l (Cummings et al., 2012, 2013). That is considerably higher than
in the recycling workers in the present study with a median of 6 ng/l
and maximum of 0.1 μg/l. Since ﬂat screens are rapidly increasing, the
continuedmonitoring of recyclingworkers for In exposure is important.
The previous studies indicated lung effects at a concentration of 3 μg/l In
in the blood (Cummings et al., 2012).4.2. Mercury and arsenic
TheHg concentrations in airmeasured in this studyweremost likely
underestimated, since no vapor phase was collected during sampling.
Although, none of the companies in this study handled bulbs or ﬂuores-
cent tubes contain Hg, recycling workers had about 20 times higher air
Hg concentrations than the ofﬁce workers. Furthermore, Hg in both
plasma and urine samples, which are suitable biomarkers of inorganic
Hg, increased with increasing concentrations in the inhalable fraction.
This result illustrates that Hg is indeed present in recycling plants
where the most likely source is back-lights in different types of screens
(Frazzoli et al., 2010). Blood Hg concentrations were similar in ofﬁce
and recyclingworkers, most likely due to the inﬂuence of dietary meth-
yl mercury. We did ask workers to refrain from eating any kind of
seafood prior to sampling, but because poultry and swine processing
uses ﬁsh meal, for example, it is difﬁcult to completely avoid the intake
of methyl mercury (Lindberg et al., 2004). Seafood was probably also
the origin of the elevated urinary arsenic concentrations, which were
similar in recycling workers and ofﬁce workers. However, the air con-
centrations of As were 23 times higher in the recycling areas compared
to the ofﬁces. Mercury and gallium arsenides are common in many
types of electronics, such as ﬂat screens and LEDs, which is present in
more types of electronics sold today,whichwill likely increase exposure
to these metals in the future.
4.3. Lead
The observed elevated Pb concentrations in both air samples and ex-
posure biomarkers, and the correlation between the two, showed that
e-waste recycling workers constitute a new group of workers that
may be exposed to Pb. Lead is predominantly found in the glass of
CRTs and in different solders used in electronics (Frazzoli et al., 2010);
it may be released if grinding of the products is performed. The amount
of Pb in one CTR screen can be up to 3 kg, depending on the size of the
television set (M. Chen et al., 2011). During the measurements in this
study the CRTs were crushed or grinded at the participating e-waste
plants. This procedure has now been replaced by an automated process
at another company (not participating in the study) that specializes on
recycling of CRTs. The highest individual concentrations of Pb in blood
originated from workers performing work tasks connected to grinding
e-waste materials. Furthermore, the grinded material is often trans-
ported on conveyor belts and put into open containers or piles outdoors
awaiting further transportation. This proceduremight lead todispersion
of dust to the environment. In fact, there was no difference of the Pb
concentration in air samples between the outdoor workers compared
to the dismantling workers.
The elevated Pb exposure among recycling workers is worrying,
mainly for the women working in these settings. Prenatal exposure to
Pb has shown to affect several parameters in the developing child
(Bellinger, 2013; Bellinger et al., 1987; Grandjean and Landrigan,
2006). Studies from China indicate elevated blood levels of Cd and Pb
and impaired growth, activity levels, adaptability, andmood in children
living in e-waste areas with parents working as recyclers (A. Chen et al.,
2011; M. Chen et al., 2011; Liu et al., 2011; Zheng et al., 2008).
Futhermore, recent risk assessment indicates that there is no threshold
for adverse effects of Pb on the central nervous system, such as impaired
cognitive and motor skills (European Food and Safety Authority, 2010).
4.4. Cadmium
Cadmium is often present in different types of electronic in the form
of batteries or in printed circuit boards. The recycling workers were ex-
posed to 28 times higher Cd concentrations using the inhalable fraction
than the ofﬁce workers were. As expected, we found that the smokers
had signiﬁcantly higher Cd concentration in urine compared with the
non-smokers, when adjusted for age and gender. The non-smoking
250 A. Julander et al. / Environment International 73 (2014) 243–251recycling workers tended to have a higher concentration of urinary Cd
compared to non-smoking ofﬁce workers, but the difference was not
statistically signiﬁcant, because almost half of the workers were
smokers.
4.5. International perspective
Concerning air samples, we found only one study from Ghana that
used a similar sampling method as in our study. Caravanos et al.
(2011) measured metals in recycling workers' breathing zone, using
personal air sampling with a close-face, 37-mm cassette (CFC; we
used OFC). Themeasurements were collected fromworkers performing
informal recycling out-doors. They found much higher concentrations
of metals than in the present study. The Pb concentration was
0.98mg/m3 (n=1), whereas in our study, themaximum concentration
was 0.06 mg/m3. The average concentration (n= 5) for Fe was 9 mg/
m3, and the concentration for copper was 1.2 mg/m3, compared to the
present study where the maximum concentrations were 0.24 mg/m3
and 0.01 mg/m3 for iron and copper, respectively. Other studies that
have investigated metal exposure during e-waste recycling used static
sampling of total suspended particulate (TSP) matter (Bi et al., 2010;
Deng et al., 2006) which to some extent can be compared with our re-
sults, even though TSP generally is used for ambient air monitoring
and not occupational air monitoring. When comparing the reported
TSP results from China with the OFC results from the present study we
found that our results were higher for all metals except Cr. A likely ex-
planation is that static air samples and personal air samples do not
fully measure the same particle fraction. Furthermore, static sampling
in the work place should be considered as monitoring background con-
centrations, which usually are lower than concentrations measured by
personal sampling (International Organization for Standardization,
2012). This indicates that if personal breathing zone samples were col-
lected from work sites in China, they would likely show a higher con-
centration proﬁle of metals, as was the case in the Ghana study.
Evaluating the biomarkers we found one study from Ghana (Asante
et al., 2012) that investigated exposure to 23 trace elements in recycling
workers based on urinary concentrations and one study from China
(Wang et al., 2011) studying exposure to 6 elements. Comparing the
present study's urinary concentrations to the Ghana study for the 15 el-
ements that both studies monitored, the concentration was in the same
range for As, Cd, Cu, Ga, In, Mo, Pb and Zn; the concentration was lower
in the present study for Co, Cr, Fe, Mn, Sb and V, and higher for Tl. In the
Chinese study Cd andMnwere higher than in the present study, Cu and
Zn were lower and Be and Pbwere in the same range. Other studies an-
alyzing hair samples from informal e-waste workers in India (Ha et al.,
2009) and China (Wang et al., 2009; Zheng et al., 2011) also show
that the workers are exposed to the same metals as shown in the pres-
ent study by blood and urine samples. However, hair analysis has been
considered to reﬂect long-term exposure and hence has not traditional-
ly been used in occupational exposure studies; therefore, it is difﬁcult to
compare the metal concentrations further.
We anticipated that formal recycling would give rise to lower con-
centrations of the biomarkers, since the workers are only exposed for
8 h per day, in plants with process ventilation. Whereas informal
workers are often both exposed when performing e-waste recycling
and from contaminated soil, water, and locally produced food items
(Grant et al., 2013). To further evaluate the concentrations of metals
in both formal and informal e-waste recycling workers a multi-center
study would be needed. Such a study should use the same sampling
and analytical techniques, preferably described in an international
recognized standard.
5. Conclusion
This study of formal e-waste recycling clearly shows that workers
with different recycling tasks had elevated exposure to toxic metals.Overall, we observed few differences in exposure patterns between
the different work tasks performed. Furthermore, the study shows
that rare metals, such as In and Sb, and not only Hg and Pb, must be
monitored in these settings both in air and human samples. These
ﬁndings further indicate the need for more automated processes in
recycling of e-waste to protect both workers and the environment, es-
pecially since the amount in tonnage of e-waste is continuously growing
at a rapid pace. Also,more studies of health parameters from formal and
informal e-waste recycling workers in combination with exposure
monitoring is needed. Such studies should use the same sampling and
analytical techniques to be directly comparable. The elevated level of
metals in formal recycling workers indicates that informal recycling
would result in even higher levels, as shown in several studies.
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